People are concurrently or subsequently exposed to a range of toxic substances, and public concern regarding the adverse health effects of exposure to mixtures of chemicals has increased. These realities have heightened the need for exposure assessment, hazard identification, and risk characterization of chemical mixtures. Generally, safety evaluation of exposure to chemicals is based on studies of single individual chemicals. The large number of chemicals and their permutations and combinations dictates that mechanistic studies be conducted in a carefully designed research program to develop strategies to protect public health. From a perspective of public health, a major toxicologic issue is the possibility of unusual toxicity due to interaction of (318) . Fax: (318) . E-mail: pymehendale@alpha.niu.edu Abbreviations used: ALT, alanine aminotransferase; ATP, adenosine triphosphate; 2-BE, 2-butoxyethanol; BrCCI3, bromotrichloromethane; CCI4, carbon tetrachloride; CHCI3, chloroform; o-DCB, ortho-dichlorobenzene; F344, Fischer 344; PCNA, proliferating cell nuclear antigen; S-D rats, Sprague-Dawley rats; SDH, sorbitol dehydrogenase; TGF-c, transforming growth factor alpha. two or more toxic chemicals at individually harmless levels with environmental or occupational exposures.
In classic chemically induced toxicity studies only toxic injury has been measured as the end point of the mechanisms that inflict injury. In addition to toxic response, however, tissue repair, a simultaneous biologic compensatory response that accompanies chemical-induced injury, also needs due consideration (1, 2) . Several studies suggest that the rate and extent of tissue repair as a response to the injury inflicted by toxicants determines the ultimate outcome of hepatotoxicity (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . Blockage of the tissue repair leads to progression of injury, culminating in hepatic failure and death (9) (10) (11) (12) (13) (14) (15) (16) . Because stimulation of tissue repair is a biologic response that accompanies injury, quantifying this response in addition to measuring injury might be helpful in predictive toxicology.
Previous Studies
Earlier studies that form the basis of our present investigation indicated that tissue repair plays an important role in the progression of toxicity [see reviews by Mehendale (1, 2) ]. Prior exposure to a nontoxic level of chlordecone (10 ppm for 15 days) results in a marked amplification of carbon tetrachloride (CC14) hepatotoxicity and lethality. Neither the close structural analogs of chlordecone, mirex, and photomirex nor phenobarbital exhibit this propensity for increased lethality. Chlordecone also potentiates the hepatotoxicity and lethality of chloroform (CHC13) and bromnotrichloromethane (BrCCl3) . Although the toxicity of these closely related halomethanes is potentiated by such low levels of chlordecone, the toxicity of structurally and mechanistically dissimilar compounds like trichloroethylene and bromobenzene is not potentiated. This remarkable capacity to potentiate halomethane hepatotoxicity is not related to chlordecone-induced cytochrome P450 or associated enzymes, enhanced bioactivation of CC14, increased lipid peroxidation, or decreased glutathione. These and other candidate mechanisms were considered carefully in experiments designed to verify their adequacy and were found inadequate; additional experiments revealed that tissue repair plays an important role in the progression of toxicity (2) . Further (34, 35) . Depletion of ATP does not occur in these livers (26, 27) . Therefore, the only consequence of this highly toxic liver injury is to postpone the early phase cell division until 24 Inclusion of tissue repair stimulation as the biologic event opposing injury may result in two sets of dose-response curves in the classic dose-response paradigm (Figure 2) . At lower doses, as injury begins, a simultaneous but opposing tissue repair response appears, allowing the animals to overcome that injury. Predictably, these animals will suffer from injury but are rescued from progression of injury and death. As the dose increases, a threshold is reached where any additional increment in the dose will result in two adverse effects. First, A typical dose-response relationship between the two opposing forces of inflicted injury and stimulated tissue repair upon exposure to a toxic chemical. As the dose increases, tissue repair is increased, allowing recovery from tissue injury. When the dose exceeds the threshold, tissue repair is attenuated and delayed, allowing injury to progress in an unrestrained manner and leading to organ or tissue failure and animal death. Quantifying both injury and adverse effect as well as stimulated tissue repair simultaneously as a dose-response relationship might be helpful in assessing the outcome of the interaction between these two opposing forces. The dose-response relationship can be used to explain interindividual differences, just as it can be used to explain differences among populations. stimulation of tissue repair, which seems to be delayed with each incremental dose, is now much too delayed. Second, the amplitude of the tissue repair response is diminished. Therefore, decreased stimulation of tissue repair will result in unrestrained progression of injury and animal death. In addition to the use of the dose-response curve for prediction of the ultimate outcome in individual subjects, such a response can also be used for prediction in a population. To test this concept, we conducted studies with model hepatotoxicants (8, (41) (42) (43) (42) . In contrast to the reported 75-fold higher liver injury, we found only 10-to 15-fold higher injury in F344 rats compared to S-D rats (60, 61) . Lethality studies suggested that even though higher liver injury was evident in the F344 rats, this did not lead these animals to experience any higher mortality. Tissue repair stimulated in response to different doses of o-DCB (6-fold dose range) was compared between these two strains. These studies indicated that tissue repair response in the F344 rat is approximately 4 to 10 times higher than the S-D rat, suggesting that higher injury in F344 rat livers is of no consequence to animal survival because an exacting level of tissue repair stimulation rescues these animals (42) . Similar to these studies, marked differences in CC14 toxicity among four strains of mice have been reported to be due to differential tissue repair (62, 63) .
These examples of species and strain differences also illustrate yet another important point. In animal-to-animal and animal-to-human extrapolation of toxicology data, uncertainty factors are often used because the mechanisms responsible for strain and species differences are not known. Risk assessors have relied largely on arbitrary uncertainty factors to take a more conservative and safer approach. It is becoming increasingly clear that a more scientific and rational approach might be to consider the two stages of toxicity in interstrain and interspecies extrapolation. We know relatively more about the differences in mechanisms responsible for inflicting injury among strains and species. Much less is known about the biologic toxicodynamic events that follow injury. In the absence of information regarding the mechanisms underlying species differences, we have often relied solely on the differences in bioactivation mechanisms as indicators of species differences. However, the previous two examples illustrate that the sole use of differences in bioactivation mechanisms as the basis for interspecies extrapolation cannot be justified. (37, 66) . In addition to thioacetamide, glucose loading also increased the mortality of CC14, CHCl3, and acetaminophen, suggesting that this effect is not related to chemical structure or mechanism of infliction of injury (37, 67 (68) .
The above findings suggest that alterations in macronutrients such as glucose and fatty acids have a rather decisive and significant impact on the outcome of hepatotoxic injury. It should be noted that bioactivation mechanisms were not compromised in either of these two examples (37, 68) . Indeed, in the fatty acid-supplemented rats, bioactivation of thioacetamide was increased, which led to a corresponding level of increased liver injury (68) . In spite of the increased injury, the animals were able to overcome this injury because of remarkably stimulated tissue repair processes. These findings suggest that nutritional differences in human diet are likely to contribute substantially to interindividual differences in toxicity (66 increases maximum and mean life span and prevents, delays, or retards the incidence of a plethora of age-associated diseases (69) . More recently, the effect of moderate diet restriction on hepatotoxicity of thioacetamide has been investigated (70) (71) (72) . Male rats were maintained on 65% of their ad libitum food consumption for a period of 3 weeks and then treated with a single low dose of thioacetamide (50 mg/kg). Maximal liver injury occurred in diet-restricted rats and was 6-fold greater than that observed in the group fed ad libitum. Histopathologic examination of the liver sections revealed liver injury concordant with plasma enzyme elevations. Interestingly, there was a higher and sustained S-phase stimulation in the dietrestricted rats as compared to the group fed ad libitum. PCNA studies revealed a corresponding stimulation of cell-cycle progression, indicating highly stimulated compensatory tissue repair. Although there was increase in injury, lethality experiments (600 mg/kg thioacetamide) indicated 70% survival in the diet-restricted group as compared to 10% survival in the ad libitum group. These findings suggest that although diet restriction increases hepatotoxic injury of thioacetamide, it protects from the lethal outcome by enhanced liver tissue repair. Because these findings raise the possibility that higher repair may be the result of higher injury, a study was undertaken with an equitoxic dose of thioacetamide.
Preliminary studies revealed that 600 mg/kg thioacetamide in rats fed ad libitum was equitoxic to 50 mg/kg thioacetamide in diet-restricted rats (71, 72) . At 12 and 36 hr the liver injury was almost equal in both the groups. A prompt and enhanced tissue repair response in diet-restricted rats at the low dose (6-fold higher liver injury) occurred, whereas at equitoxic dose (600 mg/kg), tissue repair in rats fed ad libitum was substantially diminished and delayed. The extent of liver injury was not closely related to the extent of stimulated tissue repair response. Light microscopy of liver sections revealed progression of hepatic injury in rats fed ad libitum, whereas by 120 hr injury regressed completely, leading to recovery in diet-restricted rats. Diet restriction resulted in abolition of the delay in tissue repair associated with the lethal dose of thioacetamide in rats fed ad libitum. This reversal of delay to restore sustained tissue repair response allows a significant number of diet-restricted rats to escape the lethal consequence (71, 72) .
Resiliency ofPostnatally Developing Rats
Several studies have demonstrated that neonate and postnatally developing rats are resilient to a wide variety of structurally and mechanistically dissimilar hepatotoxicants such as galactosamine, acetaminophen, allyl alcohol, and CC4 (49, (73) (74) (75) (76) (77) (78) . Most interestingly, young rats survive exposure to the lethal combination of chlordecone and CC14, which causes 100% lethality in adult male and female rats (49, 76, 77) . In a study where postnatally developing (20-and 45-day), and adult (60- Examination of growth factors and protooncogene expression revealed a 3-and 3.5-fold increase in TGF-a and H-ras mRNA expression, respectively, coinciding with maximal hepatocyte DNA synthesis in 20-day rats fed a normal diet, as opposed to only 2-and 2.5-fold increases observed in 60-day rats fed a normal diet, respectively (77) . Increased expression of c-fos (10- Figure 6 . Binary mixture toxicity and the role of tissue repair. The combined action of two chemicals may potentiate or antagonize the injury and this potentiating or antagonizing action of the mixture depends on the stimulation or inhibition of cell division response. Stimulation of tissue repair speeds up recovery, whereas inhibition of tissue repair leads to progression of injury and animal death. Models are from references (39, 36, 14, 15, 35, 3, 11, 3, 9, 20, 19) , respectively. binary mixtures ( Figure 6 ). Whenever tissue repair induced by one chemical is further enhanced by the binary combination of chemicals, the toxic outcome is survival. In contrast, if the tissue repair response is inhibited by the interactants in a binary mixture, the ultimate toxic outcome is predictably animal death ( Figure 6 ). It should be noted that the extent of liver injury does not allow prediction of the ultimate outcome (38) (39) (40) 71, 72) . For example, with the chlordecone + CC14 combination, although liver injury is less than 50% of that seen with phenobarbital + CC14 treatment (38, 40) , rats receiving the chlordecone + CC14 combination die of hepatic failure, whereas those receiving the phenobarbital + CC14 treatment recover from hepatic injury and survive. Likewise, although isopropanol potentiation of CC14 toxicity results in higher liver injury, it does not lead to increased lethality (39) , in contradiction to normal expectation based on liver injury. Furthermore, in diet-restricted rats, in spite of high liver injury, protection is observed (71, 72) . The reason for animal survival is greatly enhanced tissue repair (71, 72 
Implications to Therapeutic Strategies
There is a universal acceptance of the concept that in stage one of toxicity, collectively all of the cytoprotective mechanisms offer a mechanistic basis for threshold dose above which cellular death will occur (Figure 1 ). Our studies reveal that in stage two of toxicity, there is also a tissue-based protective response (tissue repair) that increases with the dose until a threshold dose is reached (Figures 1 and 3) . Between the two threshold doses there is a dose-related incremental biologic compensatory mechanism that effectively and promptly restrains tissue injury, permitting recovery from toxic injury. Stimulated cell division and tissue repair are the foundations of the biologic compensatory response (2, 8, (41) (42) (43) The resulting consequences of toxicity are well known and well described in the toxicologic literature.
However, the possibility of interactive interference by other chemical(s) at stage two of toxicity has not been examined extensively. Because toxicant-stimulated tissue repair response is critically involved in the ultimate outcome of toxicity, inhibition or enhancement of tissue repair by other chemicals may lead to unrestrained progression of injury and mortality or arrested progression of injury and recovery from injury and survival, respectively. Examples of both situations are available (9) (10) (11) (12) (13) (14) (15) (16) . In the highly amplified toxicity of CC14 by chlordecone, tissue repair is inhibited (1,2) , which results in unrestrained progression of liver injury leading to 67-fold amplification of CC14 toxicity by chlordecone. In contrast, although prior exposure to phenobarbital (47) or isopropanol (39) leads to highly potentiated infliction of liver injury, simultaneously enhanced tissue repair allows the animals to escape the lethal outcome (39, 47) . In diet restriction, highly augmented infliction of liver injury (6-fold higher) is of no consequence to animal survival because suitably augmented compensatory tissue repair is adequate to overcome liver injury (70) (71) (72) . These findings suggest that even though massive (and ordinarily lethal) injury may occur because of modulation of stage one, enhanced tissue repair in stage two can compensate, thereby allowing the reversal of injury. Antimitotic intervention of cell division by colchicine administration after the mechanistic processes of infliction of injury (stage one) leads to progression of even limited injury culminating in lethal outcome from ordinarily nonlethal doses of hepatotoxicants (9, 11, 79) .
In summary, the examples described here serve to illustrate the possibility that exposure to chemical mixtures may result in highly amplified lethal outcome, escape from anticipated increase in lethality, or significantly decreased injury. Currently, we are unable to predict whether and which chemical components of a chemical mixture may inhibit or enhance tissue repair and under what circumstances effects may occur. However, studies described here indicate the possibility that the threshold for lethal outcome may be lowered when one or more components of a chemical mixture inhibit cell division and tissue repair. Likewise, an increased threshold for lethal outcome is possible when one or more components of the chemical mixtures enhances the cell division and tissue repair. The third possibility is that no component in the chemical mixture may significantly modify tissue repair. Future effort should be directed toward identifying these possibilities using defined binary, ternary, and quaternary mixtures as model organic toxicants.
